Calmodulin (CaM) and Ca 2+ /CaM-dependent protein kinase II (CaMKII) play important roles in the development of heart failure. In this study, we evaluated the effects of CaM on mitochondrial membrane potential (ΔΨ m ), permeability transition pore (mPTP) and the production of reactive oxygen species (ROS) in permeabilized myocytes; our findings are as follows. (1) 
Introduction
In cardiac myocytes, intracellular Ca 2+ and calmodulin (CaM) have an important role in the regulation of cellular function [1, 2] . After the binding of Ca
2+
, CaM activates Ca
-calmodulin dependent protein kinase that has several isoforms, of which type II (CaMKII) is most abundant in the heart. Both CaM and CaMKII activate many cellular targets involved not only in Ca 2+ regulation but also in cell metabolism, protein kinase, gene expression and cell proliferation, thus serving as ubiquitous second messengers [1, 3, 4] .
In addition to these physiological roles of CaM/CaMKII, recent studies demonstrated that CaM/CaMKII is closely related to the onset and the development of heart diseases [3] [4] [5] . For example, CaMKII induces myocardial hypertrophy and remodeling by phsophorylating and exporting histone deacetylase (HDAC) from the cell nucleus [4, 6] , causes deleterious effects in irreversible ischemia/reperfusion injury [7] , and increases the probability of developing arrhythmias [3] . In human heart failure, CaMKII expression and CaMKII activity are increased and these changes correlate positively with the cardiac function of the patient [1, 4] . 5 In heart failure, the increased adrenergic activity contributes to the development of contractile dysfunction, and CaMKII is activated by β 1 -adrenergic receptor (β 1 AR). Activation of CaMKII during acute stimulation of β 1 AR mediates the positive inotropic and relaxant effects of adenylate cyclase-cAMP-protein kinase A (PKA) [8] . In contrast, chronic β 1 AR stimulation induces apoptosis but this was prevented not by PKA inhibitors but by CaMKII inhibitors, indicating the involvement of the activation of CaM/CaMKII, independently of PKA signaling [2] . Interestingly, the anti-apoptotic actions of CaMKII inhibition were mirrored by SR Ca 2+ depletion induced by thapsigargin (TG), a potent antagonist of SR Ca 2+ -ATPase [8, 9] .
Mitochondria are the central organelle for apoptotic cell death signaling, and mitochondrial Ca 2+ overload occurs after persistent increases in cytosolic Ca 2+ concentration ([Ca 2+ ] c ) [10, 11] . An increase in mitochondrial Ca 2+ concentration ([Ca 2+ ] m ) depolarizes mitochondrial inner membrane potential (ΔΨ m ), produces ROS and triggers the mitochondrial permeability transition pore (mPTP) opening [12, 13] , followed by the subsequent release of apoptogenic proteins into the cytosol [11] . Since CaM/CaMKII translates Ca 2+ signaling in cardiac myocytes, it is important to investigate how CaM/CaMKII regulates mitochondrial function and apoptotic cell death.
The purposes of this study were 1) to determine the effects of CaM and CaMKII on 6 ΔΨ m , mPTP and ROS generation, 2) to clarify whether CaM-induced effects on mitochondria are related to intracellular Ca 2+ concentration and SR Ca 2+ contents, 3) to evaluate the effect of CaM on the regulation of mitochondrial Ca 2+ homeostasis.
We found that CaM/CaMKII depolarized ΔΨ m , opened mPTP and increased ROS production. 
Measurements with confocal imaging
All measurements were performed with a laser scanning confocal microscope (LSM 5 PASCAL, Karl-Zeiss) coupled to an inverted microscope (Axiovert 200M, Karl-Zeiss) with a 63× water-immersion objective lens ([NA] =1.2: Karl-Zeiss).
Mitochondrial membrane potential was measured with a voltage fluorescent indicator, tetramethylrhodamine ethyl ester (TMRE). Saponin-permeabilized myocytes were loaded with TMRE (10 nM) for 20 min by the continuous perfusion of TMRE in an internal solution. As a reference, an uncoupler, 2, 4-dinitorophenol (DNP, 100 μM), was applied at the end of the experiments. The opening of mPTP was evaluated by the calcein release from the mitochondrial matrix. As we described earlier [15, 16] , the isolated myocytes were loaded with calcein-AM (1 µM) for 30 min, and then the sarcolemmal membrane was permeabilized to remove excessive cytoplasmic dyes. The generation of ROS was measured with the fluorescent indicator 2' 7'-dichlorofluorescin diacetate (DCF: 10 μM) or 6-carboxy-2' 7'-dichlorodihydrofluorescin diacetate, 9 di(acetoxymethyl ester) (C-DCDHF-DA: 5 μM). For the measurement of DCF intensity, after the permeabilzation of the membrane, myocytes were continuously perfused with 10 μM DCF [16] . In C-DCDHF-DA loaded myocyte, cells were loaded with C-DCDHF-DA for 30 min and then sarcolemmal membrane was permeabilized [17] . In the measurement of [Ca 2+ ] m , myocytes were loaded with rhod-2-AM (20 μM) for 30 min, and then the sarcolemmal membrane was permeabilized to remove the excessive cytosolic rhod-2 dyes [15] .
TMRE and Rhod-2 were excited at 543 nm with a helium-neon laser, and the emission signals were collected through a 560 nm long-pass filter. Calcein was excited with an argon laser at 488 nm and emissions were collected through a 505 nm long pass filter. DCF and C-DCDHF-DA were excited with an argon laser at 514 nm, and the emission signals were collected through a 530 nm long-pass filter. For quantitative analysis of the changes in fluorescent intensity, the identical regions of interest (20×20 pixels) were monitored every 1-5 minutes. In the preliminary experiments, several ROIs were set in a single cell and fluorescent signals from each ROI were compared to examine spatial heterogeneity and there were small differences in the time courses of the changes in signal intensities among these ROIs.
Chemicals
Calmodulin ( 
Data analyses
Data are presented as means ± SEM, and the number of cells or experiments is shown as n. Statistical analyses were performed using two-way ANOVA of repeated ] c = 177 nM) and a voltage-sensitive fluorescent dye TMRE (10 nM). Figure 1A shows the representative 2-D images of TMRE, which were obtained before, after 40 min administration, and after the washout of CaM. As shown in Figure 1B We have previously reported that the permeabilization of myocytes after the loading of calcein-AM enabled localization of fluorescent calcein in mitochondria and that calcein signal reduced when the mPTP opened [15, 16] . By using this method, the effects of CaM on the mPTP opening were examined. Figure 2A shows the representative 2-D images of calcein, recorded before and after the perfusion of CaM.
As shown in Figure 2B , CaM significantly decreased calcein intensity compared with the control (CaM; 73.5 ± 1.9% of the baseline, n = 16, p < 0.05 versus CTL; 90.1 ± 2.9% of the baseline, n = 18) and this effect was inhibited by CsA (CsA; 88.8 ± 1.9% of the baseline, n = 8, p < 0.05 versus CTL). When cells were preincubated with AIP and
CaM was applied in the presence of AIP, the CaM-induced calcein leakage from 13 mitochondria was inhibited by AIP (83.6 ± 1.5% of the baseline, n = 12, p < 0.05 versus CaM). These results indicated that the activation of CaM/CaMKII opened the mPTP.
CaM generates ROS which opens mPTP
Mitochondria are one of the major sources for the generation of ROS, which is a key inducer of the mPTP [13] . To investigate whether CaM increases ROS generation, cells were loaded with a ROS sensitive dye, DCF [16] or C-DCDHF-DA [17] . The 2-D images of DCF (upper) and C-DCDHF-DA (bottom) obtained before and after the perfusion of CaM are shown in Figure 3A . As shown in Figure 3B , the DCF signal increased to 8.4 ± 0.7 fold of the baseline (n = 15, p < 0.05 versus control) after the perfusion of CaM, and this CaM-induced DCF elevation was inhibited by a ROS scavenger Trolox (100 μM) (1.8 ± 0.5 fold of the baseline, n = 6, p < 0.05 versus CaM).
Since DCF constantly existed in the internal solution and could respond to cytosoic ROS (possibly leaked out from mitochondrial matrix), we used acetoxymetyl form of DCF (C-DCDHF-DA) and selectively loaded mitochondria to clarify the site of ROS generation. In Figure 3C , CaM gradually increased the C-DCDHF-DA signal to 3. 
CaM, intracellular Ca 2+ , and mitochondrial function
In the following series of experiments, the involvement of Ca 2+ in the effects of CaM was examined. When cells were exposed to CaM (10 nM) with a nominal Figure 4C ). These results indicated that at least sub-nanomolar intracellular Ca 2+ is required for the activation of CaM/CaMKII, which leads to CaM-induced mitochondrial ROS generation, the mPTP opening, and ΔΨm depolarization.
Sarcoplasmic reticulum Ca 2+ and the effect of CaM on mitochondrial function
Previous studies reported a cross-talk of Ca 2+ signaling between SR and mitochondria [10] . We next investigated the role of Ca 2.4% of the baseline, n = 16, p < 0.05 versus without TG, n = 13). TG also attenuated both CaM-induced calcein leakage from mitochondria (89.1 ± 3.2 % of the baseline, n = 11, p < 0.05 versus without TG, n = 15, Figure 5B ) and ROS generation by CaM (2.9 ± 0.2 fold of the baseline, p < 0.05 versus without TG, n = 5, Figure 5C ), indicating that the SR Ca 2+ releases are required to activate CaM/CaMKII and to depolarize ΔΨ m .
CaM-induced depolarization of ΔΨ m was also inhibited when the SR Ca 2+ release was inhibited by ryanodine (supplemental Figure 1A) . In contrast, CaM-induced ΔΨ m depolarization was enhanced in the presence of caffeine (1 mM), which facilitated SR Ca 2+ release (supplemental Figure 1B) Figure 6A , ] m (110.6 ± 3.5% of baseline, n = 13 uptake by Ru360 reduced rhod-2 intensity to 85.3 ± 2.7% of baseline (n = 6, Figure 7C) and the application of CaM in the presence of Ru360 further reduced the rhod-2 intensity to 78.2 ± 3.3% of the baseline, (p<0.05 vs Ru 360 alone, n = 6). 
The effects of CaM and CaMKII on mitochondrial function in permeabilized myocytes
CaM is a ubiquitous Ca 2+ binding protein and about half of the cellular CaM is associated with membranes, especially at Z-lines in cardiac myocytes. While the other half is mainly in the cytoplasm and the nucleus, CaM is also identified at mitochondria. In this study, we used fluorescent dyes to monitor the ΔΨ m , the opening mPTP, and ROS generation and demonstrated that exogenously-applied CaM depolarized ΔΨ m dose-dependently ( Figure 1C ), within the ranges of previously reported physiological free [CaM] . It is also shown that CaM accelerated the formation of mitochondrial ROS and opened the mPTP. However, it should be considered that the decrease in TMRE signal might be overestimated and the increase in ROS signal might be underestimated, 22 respectively, because the opening of mPTP could release dyes from mitochondria. Since
CaM-induced opening of the mPTP and depolarization of ΔΨ m were inhibited by Trolox ( Figures 3E and 3F CsA attenuated this effect of CaM ( Figure 3D ). This result might indicate CsA inhibited mitochondrial ROS-induced ROS release via an mPTP [29] . Further studies are needed to clarify the underlying mechanism of CaM/CaMKII-induced ROS generation. This is further supported by our data that CaM-induced ΔΨ m depolarization was enhanced in the presence of caffeine (1 mM), which facilitates the SR Ca 2+ releases (supplemental Figure 1B) .
The effects of CaM and
One consideration is whether Ca 2+ release from the SR occurred in our experimental conditions, because CaM is known to inhibit SR Ca 2+ releasing channel (RyR) opening [1] . However, Guo et al have recently reported that CaM decreased resting Ca 2+ spark frequency dose-dependently, and that half-inhibition was at 100 nM CaM (K 0.5 ) in permeabilized mice ventricular myocytes [31] . The concentration of CaM used in this study was relatively low compared to this value. Phosphorylation of RyR by CaMKII has been shown to increase Ca 2+ leakage from the SR [2, 31, 32] and the distribution of CaMKII in the SR [33] and the existence of an anchoring protein of CaMKII in the SR have been previously demonstrated [34] . Thus, the balance between the inhibitory effects of CaM on RyR and the activating effect of CaMKII on the opening probability of RyR may determine total Ca 2+ released from the SR. 25 Although there is a close contact between mitochondria and RyR, and mitochondrial Ca 2+ uptake plays a critical role for the Ca 2+ signal transduction during the exposure to CaM, this is not a solo mechanism for the effects of CaM on mitochondria, since the inhibition of Ca 2+ uniporter resulted in a partial inhibition of the effects of CaM ( Figures 6A, B, C) . The CaM-binding site on the outer surface of mitochondria [35, 36] has been identified, and the CaM binding protein waspurified from the matrix of bovine mitochondria [37] . However, the distribution of CaMKII in mitochondrial membrane or matrix has not been reported. Taken together, there is a possibility that activated CaM directly affects mitochondria-located target proteins and induces functional alteration of mitochondria.
CaM/CaMKII and mitochondrial Ca 2+ homeostasis
Transportation of Ca 2+ into mitochondria depends primarily on the uniporter and the extrusion of Ca 2+ from mitochondria is largely achieved by mitoNCX, and previous reports indicated that mitochondrial Ca 2+ uptake through the uniporter was facilitated by CaM [38, 39] . We observed only a slight increase in ] m was completely inhibited in TG-pretreated cells ( Figure 7A ). This also indicates that the cross-talk of Ca 2+ signaling between SR Ca 2+ release and mitochondrial Ca 2+ uptake was affected by CaM.
It is likely that Ca 2+ seems to be extruded from mitochondria via mitoNCX even after the complete inhibition of an uniportor ( Figure 7C ), suggesting that CaM activated mitoNCX and enhanced Ca 2+ efflux from mitochondria even at relatively low concentration of [Ca 2+ ] m .
Conclusion
We conclude that CaM/CaMKII opened mPTP and depolarized ΔΨ m via the acceleration of ROS production in permeabilized rat ventricular myocytes and that these effects of CaM/CaMKII on mitochondria were related to high [Ca ] c (open bars; 50 nM, n = 84 sparks, and solid bars; 100 nM n = 194 sparks) were used. The detection and analysis of Ca 2+ sparks were performed using SparkMaster, a program for automated Ca 2+ spark
analysis. Values are means ± SEM. * p < 0.05 vs 50 nM by unpaired t-test.
